In this study, we have investigated the contribution of oligodendrocytic connexin47 (Cx47) and astrocytic Cx30 to panglial gap junctional networks as well as myelin maintenance and function by deletion of both connexin coding DNAs in mice. Biocytin injections revealed complete disruption of oligodendrocyte-to-astrocyte coupling in the white matter of 10-to 15-d-old Cx30/Cx47 double-deficient mice, while oligodendrocyte-to-oligodendrocyte coupling was maintained. There were no quantitative differences regarding cellular networks in acute brain slices obtained from Cx30/Cx47 double-null mice and control littermates, probably caused by the upregulation of oligodendrocytic Cx32 in Cx30/Cx47 double-deficient mice. We observed early onset myelin pathology, and ϳ40% of Cx30/Cx47 doubledeficient animals died within 42 to 90 d after birth, accompanied by severe motor impairments. Histological and ultrastructural analyses revealed severe vacuolization and myelination defects in all white matter tracts of the CNS. Furthermore, Cx30/Cx47 double-deficient mice exhibited a decreased number of oligodendrocytes, severe astrogliosis, and microglial activation in white matter tracts. Although less affected concerning motor impairment, surviving double-knock-out (KO) mice showed behavioral alterations in the open field and in the rotarod task. Vacuole formation and thinner myelin sheaths were evident also with adult surviving double-KO mice. Since interastrocytic coupling due to Cx43 expression and interoligodendrocytic coupling because of Cx32 expression are still maintained, Cx30/Cx47 double-deficient mice demonstrate the functional role of both connexins for interastrocytic, interoligodendrocytic, and panglial coupling, and show that both connexins are required for maintenance of myelin.
Introduction
Gap junctions are clustered intercellular conduits composed of connexin (Cx) protein subunits which allow diffusional exchange of ions, metabolites, and second messengers. Six connexin proteins contribute to one hemichannel (connexon), and two connexons of adjacent cells form one gap junction channel. While homomeric connexons are composed of one connexin isoform, heteromeric connexons are formed by at least two connexin isoforms. Equal connexons form homotypic gap junction channels and combinations of two distinct connexon hemichannels are termed heterotypic.
In the CNS, neurons and macroglia express distinct sets of connexin isoforms (Nagy et al., 2003; Rash et al., 2005) . Astrocytes express Cx43 and Cx30, and some of them Cx26, whereas Cx47, Cx32, and Cx29 are expressed by oligodendrocytes (Nagy et al., 2001; Kleopa et al., 2004) . Gap junction channels are formed among astrocytes (A/A), among oligodendrocytes (O/ O), and between oligodendrocytes and astrocytes (O/A), which results in formation of panglial networks (Wallraff et al., 2006; Maglione et al., 2010; Wasseff and Scherer, 2011) . Since Cx29 does not form functional gap junction channels in cell culture experiments and Cx26 expression is limited to few gray matter astrocytes, panglial networks are mainly formed by astrocytic Cx43 and Cx30 and oligodendrocytic Cx47 and Cx32 (Ahn et al., 2008; Giaume and Theis, 2010; Nagy et al., 2011) .
Loss of either Cx47 or Cx32 results in only mild myelin defects in adult mice (Odermatt et al., 2003; Menichella et al., 2003; Sargiannidou et al., 2009) . In contrast, deficiency of both oligodendrocytic connexins, Cx32 and Cx47, leads to loss of O/O and O/A coupling, severe myelin abnormalities, and death at ϳ6 weeks after birth (Odermatt et al., 2003; Menichella et al., 2003; Maglione et al., 2010) . However, mice deficient for both astrocytic connexins, Cx43 and Cx30, display only mild myelin defects tinuously depolarized and hyperpolarized between Ϫ170 and ϩ50 mV from a holding potential of Ϫ70 mV (10 mV steps, 50 ms). Current signals were amplified (EPC9/2 or EPC10 amplifiers; HEKA), filtered (3 kHz), sampled (5 kHz), and monitored with TIDA software (HEKA).
Immunohistochemistry following dye-coupling experiments. After recording and dialysis, the slices were fixed for 1 h in a solution of 4% paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4, at 4°C and processed for biocytin visualization with Cy3 conjugated streptavidin. Specific cell type identification was performed combining biocytin/ streptavidin-Cy3 labeling with immunostaining for the oligodendrocyte marker 2Ј,3Ј-cyclic nucleotide-3Ј phosphodiesterase (CNPase) and the astrocytic marker GFAP. In Cx30/Cx47 double-deficient mice oligodendrocytes were identified by immunostaining against eGFP, specifically expressed under the Cx47 promoter (Odermatt et al. 2003) . Immunostaining for eGFP was performed to increase the signal-to-noise ratio. After fixation, slices were incubated in a solution containing 2% Triton X-100 (TX-100), 2% BSA, and 10% donkey serum (DS) or 2% TX-100 and 10% DS in PB at pH 7.4 for 4 h to permeabilize and to block nonspecific binding of the primary antibodies. Cy3-conjugated streptavidin (1:200; Jackson ImmunoResearch/Dianova), mouse anti-CNPase oligodendrocyte cell marker (1:200; Sigma), rabbit polyclonal anti-GFAP (1: 1000 or 1:500; Dako), chicken polyclonal anti-eGFP (1:500; Millipore Bioscience Research Reagents), or goat polyclonal anti-GFP (1:500; Acris) antibodies were diluted in 0.1 M phosphate buffer containing 2% TX-100, 2% BSA, and 5% DS, or 2% TX-100 and 5% DS.
The floating slices were incubated with the primary antibodies at 4°C overnight. Primary antibodies were visualized by application of FITCconjugated donkey anti-mouse IgG (1:200), Cy5 or DyLight 649-conjugated donkey anti-mouse IgG (1:200), Cy5-conjugated donkey anti-rabbit IgG (1:200), AMCA (aminomethylcoumarin acetate) or DyLight 405-conjugated donkey anti-rabbit IgG (1:200), FITC-conjugated donkey anti-chicken IgG (1:200), or FITC-conjugated donkey anti-goat IgG (1:125; all secondary antibodies were purchased from Jackson ImmunoResearch/Dianova) for 2 h at room temperature. No unspecific cross-reaction between secondary antibodies was observed. Slices were rinsed and mounted with aqua polymount (Polysciences). Images were acquired by confocal microscopy with Leica software (TCS SP5).
Evaluation of dye-coupling experiments. Electrophysiological data were analyzed and plotted using TIDA and Origin software (MicroCal). Dye coupling was evaluated as reported previously (Haas et al., 1996) .
Statistical analysis was performed with SPSS 11.5 for Windows. Data regarding the number of biocytin-positive cells, the extent of tracer spread in cerebellum, and the population of coupled cells in both white matter areas were analyzed by Kruskal-Wallis nonparametric test followed by Mann-Whitney test for independent samples, with Bonferroni's correction for n pair comparisons. All values are expressed as median and 25th and 75th percentiles. Values of specific glial cell types are indicated as percentages of the number of biocytin-positive cells per network. Data regarding the extent of tracer spread and the number of coupled cells in the corpus callosum are expressed as mean Ϯ SD and were analyzed with one-way ANOVA followed by Bonferroni's post hoc analysis. For differences between groups, the number of oligodendrocytes forming networks was evaluated by 2 test. Values of p Ͻ 0.05 were considered statistically significant.
Semiquantitative RT-PCR. Tissue samples were isolated from the cerebellum. For each genotype, at least three mice were used. Total RNA was isolated from tissue samples with Trizol (Invitrogen) and dissolved in 20 l DEPC-treated water. Genomic DNA was removed by DNase treatment in a mixture containing PCR buffer, 2.5 mM MgCl 2 , 10 mM DTT (all Invitrogen), 40 U DNaseI (Roche), and 40 U RNase inhibitor (Promega; final volume 20 l; incubation at 37°C for 30 min). Subsequently, mRNA was isolated using oligo(dT)25-linked Dynabeads (Invitrogen). Dynabeads suspended in lysis buffer (50 l) were added to the reaction tube. After wash (200 l), beads with the adherent mRNA were suspended in DEPC-treated water (20 l), frozen, and stored at Ϫ20°C.
RT-PCR was performed as a single enzyme procedure using recombinant Thermus thermophilus (rTth) DNA polymerase (TaqMan EZ RT-PCR Kit; Applied Biosystems). The reaction volume was 12.5 l. The reaction mixture contained TaqMan EZ buffer, 3ϫ 300 M dNTPs (dATP, dCTP, dGTP), 600 M dUTP, 3 mM Mn(OAc) 2 , 1.25 U rTth DNA polymerase, and 0.125 U uracil-N-glycosylase. For Cx43 semiquantitative RT (sqRT)-PCR analysis, 100 nM fluorogenic TaqMan probe and 600 nM of each primer was added (Table 1) . For ␤-actin and Cx32 detection and quantification, a TaqMan probe/primer mix was used (Applied Biosystems). Aliquots of 1 l mRNA were added to each tube. RT-PCRs for Cx32, Cx43, and ␤-actin were run in parallel tubes for each sample. Negative controls (water) were also performed in each run. Samples were incubated at 50°C (2 min), and first strand synthesis was performed at 60°C (20 min). After denaturation (95°C, 5 min), 50 cycles were performed (denaturation at 94°C, 15 s; primer annealing and extension at 59°C, 60 s). Fluorescence intensity was read out during each annealing/extension step.
Data analysis. The Cx32/␤-actin and the Cx43/␤-actin gene expression ratio was determined by comparing C T values of the respective target gene with those of the reference gene, ␤-actin. The relative quantification of different genes was determined according to the following equation:
or, in the logarithmic form,
with Y being the amount of the PCR product, X the input copy number, E the efficiency of amplification, and C T the cycle number at threshold. According to Equation 1, the fluorescence intensity, R n , which is proportional to Y, was determined at each cycle. By quantification of Cx32 and Cx43 gene expression against that of ␤-actin, C T was determined for each gene at the same R n , and the difference in input copy number was estimated according to Equation 1:
The amplification efficiency, E, was 1.93 for both Cx32 and Cx43, and 1.90 for ␤-actin. Data are presented as the mean Ϯ SEM.
Electron microscopy study. Mice were anesthetized deeply by sodium pentobarbital (100 mg/kg body weight; Sanofi) and perfused intracardially with 4% paraformaldehyde and 2% glutaraldehyde in 0.1 M PB. Brains were removed, postfixed overnight at 4°C, and subsequently rinsed in cold PB. Coronal sections (50 m) of the cerebellum and corpus callosum were cut on a vibratome (Vibracut; FTB Feinwerktechnik), postfixed in osmium tetroxide, dehydrated through graded concentrations of ethanol, preembedded with propylene oxide, and flat-embedded in epoxy resin (agar 100 resin; Araldite CY 212, dodecenylsuccinic anhydride, Tris-2,3,6-(dimethylaminomethyl)phenol; Plano). Semithin sections (2 m thick) were stained with toluidine blue for light microscopy. Ultrathin sections were mounted on copper grids, stained with uranyl acetate and lead citrate, and examined in an electron microscope (EM910; Carl Zeiss) at 80 kV.
The ratio of myelin sheath thickness to axon diameter ( g ratio) was calculated for 400 fibers of cerebellum and corpus callosum of at least three Cx30 Ϫ/Ϫ /Cx47 Ϫ/Ϫ and Cx30 ϩ/Ϫ /Cx47 ϩ/Ϫ mice in electron micrographs using the iTEM 5.0 program (Olympus Soft Imaging Solutions). The g ratio was plotted against the diameter of axons to directly compare the extent of myelination around an axon size. Statistic analysis was performed with SPSS 11.5 for Windows. Comparison between groups was evaluated with the nonparametric Mann-Whitney test or with Student's t test for independent samples. Values are expressed as the median and 25th and 75th percentiles or as the mean Ϯ SD. Values of p Ͻ 0.05 were considered significant.
Immunohistochemical staining on vibratome sections. At different ages, mice were killed by injecting an anesthetic solution (0.3 mg ketamine and 0.03 mg xylazine per gram body weight, i.p.). Mice were transcardially perfused with 25-40 ml PB followed by 25-40 ml phosphate-buffered 4% formaldehyde solution (Roti-Histofix; Roth). Brains were rapidly prepared and postfixed in 2% phosphate-buffered formaldehyde solution for at least 48 h at 4°C. Vibratome sections (30 m thick) were obtained (VT 1200 S; Leica), and free-floating slices were incubated with 0.1% H 2 O 2 in 10% methanol/PB, pH 7.4, for 20 min to inhibit endogenous peroxidase activity, washed in PB, and incubated in blocking solution [5% normal goat serum (NGS), 4% BSA, 0.3% Triton X-100] for 1 h at room temperature to avoid unspecific cross-reactivity. Primary antibodies in blocking solution were applied overnight at room temperature. After washing with PB, sections were incubated with corresponding biotin-conjugated secondary antibodies for 2 h at room temperature and washed again. Vectastain Peroxidase ABC reagent (Vector Laboratories) was applied according to manufacturers' instructions. After 30 min incubation in working solution, free-floating sections were washed in PB for 60 min and then transferred to aqua bidest for at least 5 min before NovaRed (Vector Laboratories) staining. Sections were mounted on glass slides, air dried at 42°C on a slide warmer, and coverslipped with Entellan (Merck). Rat primary antibodies directed against myelin basic protein (MBP; 1:500; Millipore Bioscience Research Reagents) were used for myelin staining, and rabbit polyclonal antibodies against ionized calcium-binding adapter molecule 1 (Iba1; 1:500; Wako) were used for staining of microglia. Rabbit polyclonal GFAP antibodies (1:1000; Dako) were used for labeling of astrocytes, and rabbit polyclonal anti-GFP (1: 500; Invitrogen) was used for detection of the eGFP reporter protein.
Nuclei of oligodendrocytes were stained by rabbit polyclonal antioligodendrocyte transcription factor 2 (anti-Olig2; 1:500; Millipore Bioscience Research Reagents).
Quantification of Olig2-positive cells. Olig2-stained cell counts were based on regional analysis of cerebellar white matter and corpus callosum in 30 m vibratome sections of at least three mice per genotype and age. White matter regions were cut out from pictures with identical magnification levels by manual selection using Photoshop software (Photoshop CS4; Adobe Systems). Counting of Olig2-positive nuclei and area evaluation of corresponding white matter regions were performed using MBFImageJ software (NIH). Data are given as mean Ϯ SEM and were analyzed with one-way ANOVA followed by Bonferroni's post hoc analysis. Values of p Ͻ 0.05 were considered significant.
Immunofluorescence staining on vibratome sections. For double immunofluorescence labeling, vibratome sections (25 m) were blocked with PB containing 0.3% Triton X-100, 0.02% NaN 3 , and 5% NGS for 1 h at room temperature. Sections were incubated with both primary antibodies, rabbit polyclonal anti-Cx30 (1:500; Invitrogen) and polyclonal chicken anti-GFP (1:500; Abcam), at room temperature overnight in blocking solution, washed with PB-T (0.1% Triton X-100), and incubated for 1 h with corresponding goat polyclonal secondary antibodies conjugated to Alexa 488 and Alexa 594 (1:500; Invitrogen) diluted in PB containing 0.3% Triton X-100 and 5% NGS. After PB washes, sections were mounted with PermaFluor (Thermo Fisher Scientific), and images were taken with a laser scanning microscope (LSM 510, Zeiss) .
Black-Gold II staining. Black-Gold II (Histo-Chem) staining was performed on 16 m cryosections according to manufacturers instructions (Schmued et al., 2008) .
Animals for behavioral experiments. Adult male mice, 7 Ϯ 0.3 months old (n ϭ 37), were used for behavioral experiments. Doublehomozygous Cx30 Ϫ/Ϫ /Cx47 Ϫ/Ϫ (Cx30 and Cx47 deficient) mice (n ϭ 9), double-heterozygote Cx30 ϩ/Ϫ /Cx47 ϩ/Ϫ mice (n ϭ 10), Cx30 Ϫ/Ϫ / Cx47 ϩ/Ϫ mice (n ϭ 7), and Cx30 ϩ/Ϫ /Cx47 Ϫ/Ϫ mice (n ϭ 11) were tested in a behavioral test battery including open-field exploration and behavioral habituation, one-trial object recognition, novelty-induced continuous spontaneous spatial alternation, as well as motor coordination learning and long-term motor memory.
Housing conditions. Animals were group housed until 1 week before the beginning of the experiments. Thereafter, they were single housed in standard Makrolon cages (type 2; 22 ϫ 16 ϫ 13 cm; Emiscon Jung) with metal covers and dust-free sawdust bedding until the end of the study. The mice had continuous access to food (Ssniff Spezialdiäten) and tap water, and were maintained on a 12 h light/dark cycle. Experiments were performed during the light phase, between 10:00 A.M. and 5:00 P.M. Animals were maintained in an air-conditioned room. During the week preceding the experiments, the mice were handled for 2 min per day to reduce possible stress from the testing procedure. All experiments were performed according to the guidelines of the German Animal Welfare Act and were approved by the local state authority.
Open-field exploration and behavioral habituation. Exploratory activity induced by a novel environment and behavioral habituation to spatial novelty was measured using an open-field setting. The animals were given three exposures to an open field with a 24 h intertrial interval. Mice exposed to a novel environment show explorative behaviors in terms of increased locomotion and rearing activity. When mice are repeatedly placed into the same open field, a progressive reduction in these exploratory behaviors becomes evident, suggesting that the initially novel environment has become familiar (Sadile et al., 1996) . The open field was a rectangular chamber (30 ϫ 30 ϫ 40 cm) made of gray polyvinylchloride and had a gray metal floor. A video camera was mounted 50 cm above the maze. The open-field apparatus was placed in a sound-attenuating cubicle. The open field was illuminated by diffuse white light with an intensity of 9 lux at the center of the apparatus. The digitized image of the animal's path was analyzed with a semiautomated tracing device (EthoVision; Noldus). After each trial, the apparatus was cleaned with water containing 75% ethanol. The behavioral parameters registered during 10 min sessions were (1) locomotion (the distance in centimeters that an animal moved) and (2) Novelty-induced continuous spontaneous spatial alternation. When mice are placed in a novel, Y-shaped maze, they typically show continuous spontaneous spatial alternation behavior for at least 5 min until the Y maze has become familiar. This task utilizes the congenital tendency of rodents to frequent relatively novel places not visited quite recently when allowed to choose freely among respective alternatives. Spontaneous spatial alternation in a Y maze is induced by spatial novelty and requires basic spatial working memory capacities. The Y maze was made of black Plexiglas with three arms (see Fig. 12C ; A-C), each 7.5 cm wide and 18 cm long, with 23.5-cm-high walls and an open roof, radiating from a triangle-shaped central platform. One of the three arms differed from the others in respect of three rectangular gaps (2.3 ϫ 7.5 cm, 4.8 ϫ 7.5 cm, and 2.3 ϫ 7.5 cm) which were cut into the end wall. These gaps were separated by 1 cm, with the first one located at a height of 12 cm. The Y maze was placed in a sound-attenuating cubicle and was illuminated by diffuse white light with an intensity of 5 lux at the center of the apparatus. The animals were placed on the central platform and were allowed to explore the Y maze for 5 min. An arm entry was scored when the animal entered an arm with all four paws. The sequence of arm entries was recorded manually (i.e., ABCBAC) for each animal for the first 20 entries to calculate the number of triplets. The following parameters were scored: (1) arm entries (the total number of arm entries made during the 5 min trial) and (2) triplets (the number of consecutive choices of each of the three arms, without reentries, during the last three choices and regardless of the order of the chosen arms, calculated from the sequence of the first 20 arm entries). The following example illustrates the scoring of triplets and the calculation of above-chance-level performance in this task. A mouse chooses arm A, and thereafter arm B, and then returns to the decision area. The mouse now has the option to enter arm A, B, or C. If the mouse fails to remember the sequence of arm entries, the probability to exert a "correct" response, C, to perform a triplet is, by definition, one in three. Therefore, performance above chance level for a total of 20 arm entries with a maximum number of 18 triplets possible can be assumed when triplet values above six are achieved.
One-trial object recognition. Four different objects (in triplets) made of plastic that differed in terms of height, color, shape, and surface texture were used. Since the objects were made of the same material, they could not be distinguished by olfactory cues during the test trial. The objects had sufficient weight to ensure that the mice could not displace them. The objects had no known ethological significance for the mice and had never been paired with a reinforcer. Pilot studies ensured that mice of the C57BL/6 genetic background strain could discriminate between the objects, and there was no preference for one of the objects per se.
During the sample trial, the mouse was placed into the center of a familiar open field containing two copies of one object, placed in a balanced fashion in opposite corners. After 10 min, the animal was removed from the open field and placed back into its home cage for the retention delay of 60 min. During the test trial of 5 min duration, the animal was again released into the open field, now containing a familiar object, known from the sample trial, and a novel object. The same two locations as during the sample phase were used for object placement. The exact position for the placement of the novel object was determined randomly.
For each mouse, the times spent exploring the objects (in seconds) during the sample and test trial were scored off-line from video tapes. Exploration of an object was assumed when the mouse approached an object and had physical contact with it, either with its vibrissae, snout, or forepaws. Being in the vicinity of an object, at a distance Ͻ2 cm, was not considered exploratory behavior. The proportion of time exploring the novel object relative to the total time spend exploring both objects was taken as a measure of object recognition: recognition index ϭ t novel /(t novel ϩ t familiar ). Recognition index values Ͼ0.5 suggest a preference for the novel object, values close to 0.5 suggest no recognition, whereas values well below 0.5 suggest a preference for the familiar object. Animals which did not showed significant levels of object exploration during the sample trial were excluded from data analysis. Accordingly, one Cx30
ϩ/Ϫ mice, and two Cx30 ϩ/Ϫ /Cx47 Ϫ/Ϫ mice had to be excluded from data analysis.
Motor coordination learning and long-term motor memory. The accelerating rotarod (TSE Systems, Model #7650) was elevated 10 cm off the floor and had an axis diameter of 3.5 cm and a striated surface made of black rubber. During the acquisition phase, each mouse was given three trials (with an intertrial interval of 10 -25 min to control for possible effects of physical exhaustion) per day for 3 consecutive days. After a retention delay of 7 d, the animals were given another three trials with the same intertrial interval as during the acquisition phase. The mouse was placed on the inactive drum, which thereafter was accelerated to a speed of 40 rpm over a period of 5 min. The mouse had to move forward on the drum, which was rotating with increasing speed along its vertical axis, to avoid falling off. As some mice tend to passively ride around the rod, especially at higher velocities, the duration (in seconds) of active performance until the mouse fell off the drum was registered with a cutoff after 300 s. One Cx30 ϩ/Ϫ /Cx47 ϩ/Ϫ mouse was excluded from data analysis because of a deviation from the group mean of Ͼ3.5 SEs.
Statistics. Values in the figures depicting behavioral data represent the mean Ϯ SEM. Open-field exploration, behavioral habituation, motor coordination learning, and long-term motor memory data were analyzed by means of two-way repeated-measures ANOVA. Novelty-induced continuous spontaneous spatial alternation and one-trial object recognition data were analyzed by one-way ANOVA. Preplanned comparisons (focused comparison) between homozygote Cx30 Ϫ/Ϫ /Cx47 Ϫ/Ϫ and heterozygote Cx30 ϩ/Ϫ /Cx47 ϩ/Ϫ mice were done by using Fisher's least significant difference (LSD) procedure. In the case of significant differences between Cx30
ϩ/Ϫ mice were further compared to both Cx30 Ϫ/Ϫ /Cx47 ϩ/Ϫ and Cx30 ϩ/Ϫ /Cx47 Ϫ/Ϫ mice by means of pairwise LSD tests. To determine whether one-trial object recognition ratios and triplet number in the novelty-induced continuous spontaneous spatial alternation task of Cx30 Ϫ/Ϫ /Cx47 Ϫ/Ϫ and Cx30 ϩ/Ϫ /Cx47 ϩ/Ϫ mice were above chance level, single-group t tests were performed on ratios and triplets against comparison values of 0.5 and 0.6, respectively. The p values given are two tailed and were considered to be significant at p Ͻ 0.05.
Results
More than 40% of the Cx30/Cx47 double-deficient mice die between 6 and 13 weeks after birth To gain new insights into the function of connexins expressed by astrocytes and oligodendrocytes and their contribution to panglial networks, double-heterozygous mice were generated by breeding Cx47
Ϫ/Ϫ mice with Cx30
express the reporter DNA LacZ under control of the Cx30 gene (Teubner et al., 2003) and eGFP via Cx47 gene regulatory elements (Odermatt et al., 2003) .
ϩ/Ϫ and Cx30 ϩ/Ϫ /Cx47 Ϫ/Ϫ mice served as controls with functional deficiency of a single connexin isoform.
Breeding of Cx30
. Approximately 2 weeks after birth, an action tremor was detected in most of the Cx30
Ϫ/Ϫ animals developed a profound ataxic phenotype and died between P42 and P90 ( Fig. 1) . Surviving mice showed a less obvious but still visible action tremor and mild ataxia.
Panglial networks in Cx30/Cx47 double-deficient mice
To determine whether lack of both Cx47 and Cx30 affects panglial coupling, we performed dye transfer experiments in Cx30
, and Cx30
Ϫ/Ϫ mice compared with wild-type animals. Oligodendrocytes were approached with a patch-clamp pipette in acute sagittal slices of cerebellar white matter or in acute coronal slices of corpus callosum obtained from P10 -P15 mice, before the action tremor was evident. By whole-cell patch-clamp recording, single oligodendrocytes were dialyzed via the patch pipette with the gap junction permeable tracer biocytin as described previously (Maglione et al., 2010) . For a detailed numeric representation, see Tables 2 and 3 .
In cerebellar white matter of wild-type mice, biocytin as revealed by streptavidin-Cy3 labeling filled a network of cells in 54% of the injections (19 of 35 injected cells, 11 mice), while only a single cell was labeled in the remainder experiments. Within a given network, biocytin spread to 14 (8 -36; values here and below indicate the 25th-75th percentiles, respectively) neighboring cells, with a tracer extent of 150 m (80 -226 m, n ϭ 19; Fig. 
2A-C,G-I ).
For dye-coupling experiments in Cx30
Ϫ/Ϫ mice, oligodendrocytes were identified by their eGFP expression resulting from Cx47 gene activity (Odermatt et al., 2003) before electrophysiological recordings. In Cx30 ϩ/Ϫ /Cx47 ϩ/Ϫ mice, 83% of the biocytin injected oligodendrocytes revealed networks consisting of 13 (8 -25) neighboring cells with an extent of tracer spread of 149 m (81-224 m; 20 of 24 injected cells, seven mice). No significant differences were observed compared to wild-type mice (Fig. 2 D-I ).
When we injected biocytin into single oligodendrocytes of 
The three networks observed (of 21 injections, 12 mice) consisted of five (4 -6) biocytin-positive cells with an extent of tracer spread of 49 m (31-79 m), yielding no significant reduction compared to all other genotypes ( Fig. 2G-I ).
In the corpus callosum of wild-type mice, 62% of the injected oligodendrocytes formed networks consisting, on average, of 15 Ϯ 13 coupled cells and with a mean extent of tracer spread of 99 Ϯ 61 m (13 of 21 cells, 13 mice; Fig. 2 
ϩ/Ϫ slices, we observed intercellular coupling in 53% of the experiments (8 of 15 cells, 10 mice). In these networks we found a mean value of 14 Ϯ 10 neighboring cells labeled with biocytin, which spread up to 192 m (111 Ϯ 62 m average). No significant differences between wild-type and Cx30 ϩ/Ϫ /Cx47 ϩ/Ϫ mice were observed (Fig. 2 P-R) .
When we injected biocytin into single oligodendrocytes in the corpus callosum of Cx30 Ϫ/Ϫ /Cx47 Ϫ/Ϫ mice, we clearly detected networks of biocytin-labeled cells in 74% of the injected oligodendrocytes (14 of 19 cells, 11 mice; Fig. 2M-O) . These networks consisted, on average, of 11 Ϯ 9 coupled cells and they had a mean extent of biocytin spread of 125 Ϯ 71 m. No significant differences were observed in comparison to wild-type and Cx30 ϩ/Ϫ / Cx47 ϩ/Ϫ controls ( Fig. 2 P-R) . Similarly, in the corpus callosum of Cx30 Ϫ/Ϫ /Cx47 ϩ/Ϫ animals, in 75% of the experiments biocytin spread to neighboring cells (13 Ϯ 8 cells found coupled within a given network, 12 of 16, six mice). In these slices, biocytin mice. Double-deficient mice began to die on P42. More than 40% of the double-deficient mice die within the first 3 months after birth. Older animals survive to almost normal life expectancy but display motor impairments and action tremor.
spread up to 165 m (113 Ϯ 46 m average; Fig. 2 P-R). In Cx30 ϩ/Ϫ /Cx47 Ϫ/Ϫ mice, 47% of the injected oligodendrocytes were found coupled to at least one adjacent cell (7 of 15, six mice). However no significant difference in the number of oligodendrocytes forming networks was observed between these groups. Cx30 ϩ/Ϫ /Cx47 Ϫ/Ϫ networks consisted, on average, of 14 Ϯ 8 biocytin-labeled cells with a mean extent of tracer spread of 156 Ϯ 58 m, similar to what was observed in wild-type,
corpus callosum (Fig. 2 P-R) . Together, these results indicate that in cerebellar white matter and corpus callosum, lack of both Cx47 and Cx30 does not alter either the number of oligodendrocytes forming networks or the number of cells coupled to the injected oligodendrocyte. Surprisingly, in cerebellar white matter, lack of Cx30 on a heterozygous Cx47 background significantly decreases the number of oligodendrocytes forming networks, which is even more affected by Cx47 deficiency with heterozygous expression of Cx30.
Cx32 expression is increased in cerebella of 14-d-old Cx30/Cx47 double-deficient mice
Due to the unexpected results of the dye-coupling experiments with cerebella of Cx47-deficient and Cx30-deficient mice compared to Cx30/Cx47 dKO mice, we performed sqRT-PCR to determine relative expression levels of the glial connexins Cx43 and Cx32 in cerebella obtained from 14-d-old animals. Expression levels of Cx30 ϩ/Ϫ /Cx47 ϩ/Ϫ mice were set to 1 per connexin mRNA, and ␤-actin expression served as internal standard.
Cx30
Ϫ/Ϫ Cx47 ϩ/Ϫ (1.14 Ϯ 0.14) as well as Cx30 ϩ/Ϫ Cx47 Ϫ/Ϫ mice (1.24 Ϯ 0.12) showed no significant difference in relative Cx32 mRNA expression compared to Cx30 ϩ/Ϫ /Cx47 ϩ/Ϫ (1 Ϯ 0.14) littermates. In contrast Cx30/Cx47 dKO mice showed a 1.76 Ϯ 0.13-fold significantly increased Cx32 expression level compared to Cx30 (Fig. 3A) .
No significant differences were found in the relative expression of Cx43 mRNA between all genotypes investigated:
(1.07 Ϯ 0.04) (Fig. 3B) .
Oligodendrocyte-to-astrocyte coupling is abolished in cerebellar white matter and corpus callosum of Cx30/Cx47 double-deficient mice (P10 -P15) To identify oligodendrocytes and astrocytes within the networks, biocytin/streptavidin-Cy3 labeling of coupled cells in the cerebellar white matter and corpus callosum was combined with immunostaining for CNPase and GFAP, i.e., markers for oligodendrocytes and astrocytes, respectively (Fig. 4) . For a detailed numeric representation, see Table 2 and 3. In wild-type networks (n ϭ 19) of cerebellar white matter, the majority of biocytin-positive cells expressed CNPase (median value: 100%, 87-100%; mean value: 94%), while the population of GFAPpositive cells found coupled had a median value of 0% (0 -13%; Fig. 4 A-C) and a mean value of 6%. 
Networks are shown as percentages of biocytin-injected oligodendrocytes found coupled to at least one adjacent cell. Data regarding the extent of tracer spread are reported as median (25th-75th percentiles). Quantification of the number of coupled cells is indicated as median (25th-75th percentiles). Quantification of the population of coupled cells (CNPaseϩ, GFAPϩ, eGFPϩ) is indicated as median (25th-75th percentiles). (n), number of experiments. , and Cx30 In Cx30
and Cx30
Ϫ/Ϫ /Cx47 Ϫ/Ϫ mice, oligodendrocytes selectively express the reporter protein eGFP under control of the Cx47 promoter. Therefore, we identified the population of coupled cells combining biocytin/streptavidin-Cy3 labeling with immunostaining for eGFP and GFAP in the cerebellar white matter of these mice. Immunolabeling for eGFP was performed to increase the signalto-noise ratio. In Cx30 ϩ/Ϫ /Cx47 ϩ/Ϫ networks, the majority of biocytin-positive cells were eGFP-positive oligodendrocytes (median value, 100%, 86 -100%; mean value, 89%; n ϭ 20). GFAP-positive astrocytes colabeled with biocytin/streptavidinCy3 were found in 9 of 20 networks (median value, 0%, 0 -14%; mean value, 11%). No significant difference in the population of GFAP-positive coupled cells was detected compared to wild-type animals (Fig. 4 A, D,E) .
In cerebellar white matter of Cx30 Ϫ/Ϫ /Cx47 Ϫ/Ϫ mice, all coupled cells were negative for GFAP and instead positive for eGFP, thus being oligodendrocytes (n ϭ 25). Fig.  4 A, F,G) .
In cerebellar networks of Cx30 Ϫ/Ϫ /Cx47 ϩ/Ϫ mice (12 networks), the number of coupled, eGFP-positive oligodendrocytes increased to a median value of 100% (100 -100%; mean value, 95%). In the cerebellar white matter of these mice, we found a single GFAP-positive astrocyte coupled to an injected oligodendrocyte and to a larger network (as indicated by extreme values in Fig. 4 A) . However, no significant differences in the population of eGFP-positive oligodendrocytes and GFAPpositive astrocytes were observed compared to Cx30 ϩ/Ϫ / Cx47 ϩ/Ϫ mice. In Cx30 ϩ/Ϫ /Cx47 Ϫ/Ϫ mice, all coupled cells expressed eGFP, and no GFAP-positive cells were found (n ϭ 3). However, oligodendrocyte injections did not reveal significant differences in the proportion of eGFP-positive oligodendrocytes and GFAP-positive cells in Cx30 (Fig. 4 A) . In the corpus callosum of wild-type mice, the majority of cells coupled within a given network were CNPase-positive oligodendrocytes (83%, 71-92%; n ϭ 13), and a median value of 6% (0 -12%) expressed the astrocytic marker GFAP, while the remaining 5% (0 -13%) was negative for both markers (Fig. 4 H-J ) .
To characterize the population of coupled cells in the corpus callosum of Cx30
Ϫ/Ϫ , and Cx30 Ϫ/Ϫ /Cx47 Ϫ/Ϫ mice, we combined biocytin/ streptavidin-Cy3 labeling with immunostaining for eGFP, GFAP, and the specific oligodendrocytic marker CNPase. This approach allowed us to directly compare the population of coupled oligodendrocytes between wild-type, Cx30
Ϫ/Ϫ , and Cx30 Ϫ/Ϫ /Cx47 Ϫ/Ϫ networks. In each specific genotype, all eGFP-positive cells filled with biocytin coexpressed CNPase.
In Cx30 ϩ/Ϫ /Cx47 ϩ/Ϫ corpus callosum, all coupled cells within a given network expressed either the oligodendrocytic marker CNPase (91%, 67-98%; n ϭ 8) or the astrocytic marker GFAP (9%, 2-33%), yielding no significant difference compared to wild-type animals (Fig. 4 H, K,L) . The lack of CNPase/GFAPnegative coupled cells was not significantly different compared to wild-type networks.
Similar to what was observed in the cerebellar white matter, identification of the population of coupled cells in Cx30 Ϫ/Ϫ / Cx47 Ϫ/Ϫ corpus callosum revealed that 100% of the biocytin- labeled cells were eGFP-positive oligodendrocytes and additionally expressed CNPase (n ϭ 14). Not a single coupled astrocyte was detected in these networks (Fig. 4 H, M,N Fig. 4 H) .
As observed in cerebellar white matter, networks in the corpus callosum of Cx30 ϩ/Ϫ /Cx47 Ϫ/Ϫ mice consisted exclusively of eGFP-positive oligodendrocytes, which also expressed the marker CNPase (n ϭ 7). No biocytin-positive astrocytes were recognized in these networks. The observed increase in CNPase-positive coupled cells differed significantly compared with wild-type and Cx30 Ϫ/Ϫ / Cx47 ϩ/Ϫ mice (Kruskal-Wallis test, p Ͻ 0.001; Mann-Whitney test, p Ͻ 0.05). The lack of biocytin-positive astrocytes was significantly different only when compared to Cx30
ϩ/Ϫ mice (Kruskal-Wallis test, p Ͻ 0.001; Mann-Whitney test, p Ͻ 0.05). In these networks, we did not observe any coupled cell negative for both CNPase or GFAP with no significant difference compared to wild-type mice (Fig. 4 H) . Together, these findings indicate that deficiency of either Cx47 or both Cx47 and Cx30 disrupts coupling between oligodendrocytes and astrocytes in the cerebellar white matter and in the corpus callosum of 10-to 15-d-old mice, even though interoligodendrocytic coupling is not affected in Cx30
/Cx47
Ϫ/Ϫ mice.
Cx30 expression in white and gray matter tissue
In this study, we focused on the impact of panglial coupling on myelin function and maintenance. Astrocytic Cx30 is expressed (Table 2) . B, C, Example of cell type identification in cerebellar networks of wild-type animals. Biocytin was detected by streptavidin-Cy3 labeling combined with immunostaining for the oligodendrocytic marker CNPase (B) and for the astrocytic marker GFAP (C). D-G, In Cx30 ϩ/Ϫ /Cx47 ϩ/Ϫ and Cx30 Ϫ/Ϫ /Cx47 Ϫ/Ϫ networks, oligodendrocytes were identified by immunostaining for eGFP, which is selectively expressed under control of the Cx47 promoter, to reduce signal-to-noise ratio (D, F). E, A GFAP-positive astrocyte coupled within the network of a Cx30 ϩ/Ϫ /Cx47 ϩ/Ϫ mouse. F, G, Example of a network in the cerebellar white matter of Cx30
where all coupled cells were eGFP-positive oligodendrocytes (F). No GFAP-positive astrocytes were found (G). H, Box plot indicates the population of cells coupled within networks of corpus callosum. In Cx30
Ϫ/Ϫ /Cx47 Ϫ/Ϫ mice, all cells filled with biocytin were eGFP-positive oligodendrocytes. No coupled cell expressed the astrocytic marker GFAP, with a significant difference compared to wild-type, Cx30 ϩ/Ϫ /Cx47 ϩ/Ϫ , and Cx30 Ϫ/Ϫ /Cx47 ϩ/Ϫ mice (Table 3) . I, J, In the corpus callosum of wild-type mice, coupled oligodendrocytes and astrocytes were identified by immunostaining for CNPase (I) and GFAP (J). mainly in gray matter tissue. Because oligodendrocytes are the myelin-forming cells in the CNS, it was of major interest to clarify whether Cx30 is also found in white matter tissue. Immunofluorescence analyses revealed Cx30-positive puncta in white matter tissue, which were absent in Cx30-deficient mice. Deficiency of Cx47 resulted in an increase in the number of Cx30-positive puncta in the corpus callosum. Cx30-positive signals were found in close proximity to eGFP (Cx47)-positive somata and along myelin sheaths (Fig. 5) . (Fig. 6 A) . In the corpus callosum of P14 animals, only Cx30 Young Cx30/Cx47 double-deficient mice showed vacuole formation in white matter tracts, astrogliosis, and microglia activation P14 and P28 mice of all four genotypes have further been analyzed regarding MBP, GFAP, and microglial Iba1 expression in the CNS white matter (Fig. 7) . P14 mice showed apparent vacuole formation within cerebellar white matter tracts (Fig. 7 B, F,J ) , which was sparser but still evident in the corpus callosum ( Fig.  7 N, R,V ) . Apart from vacuole formation, only minor differences were found regarding expression of MBP, Iba1, and GFAP be-
Numbers of Olig2-positive cells were reduced in 14-d-old
Ϫ/Ϫ /Cx47 Ϫ/Ϫ mice revealed slightly elevated levels of Iba1 expression, but ameboid-shaped microglia could also be found in P14 Cx30 ϩ/Ϫ /Cx47 ϩ/Ϫ littermates (Fig. 7 E, 
F ). Vibratome sections obtained from 28-d-old Cx30
Ϫ/Ϫ / Cx47 Ϫ/Ϫ mice revealed conspicuous vacuoles in cerebellar white matter as well as in corpora callosa (Fig. 7 D 
, H, L, P,T,X ). Compared to Cx30
ϩ/Ϫ /Cx47 ϩ/Ϫ (Fig. 7C, D tern and a reduction of MBP-positive myelin fibers. This was accompanied by mild astrogliosis (Fig. 7L) and activation of microglia, indicated by elevated expression levels of microglial Iba1 in cerebellar white matter of Cx30/Cx47 double-deficient mice (Fig. 7H ) . We did not find obvious differences regarding GFAP and Iba1 expression in corpora callosa of 28
Three-week-old Cx30/Cx47 double-deficient mice revealed thinner myelin sheaths We then tested for alterations in the myelin ultrastructure of Cx30 Ϫ/Ϫ /Cx47 Ϫ/Ϫ mice at P21, before evident ataxia symptoms. At the ultrastructural level, we detected vacuolization in both the cerebellar white matter and corpus callosum of Cx30/Cx47 double-deficient mice. Occasionally, axons were separated from their myelin sheath by a slightly enlarged extracellular space, and loose myelin sheaths were also observed (data not shown).
In cerebellar white matter, P21 Cx30 Ϫ/Ϫ /Cx47 Ϫ/Ϫ mice exhibited a g ratio of 0.86 (0.83-0.88, values indicate the 25th and 75th percentiles, respectively; n ϭ 400), significantly higher than Cx30/Cx47 double-heterozygous mice (0.85, 0.83-0.87; n ϭ 400; Mann-Whitney U test, p Ͻ 0.05). Similarly, in the corpus callosum, Cx30 Ϫ/Ϫ /Cx47 Ϫ/Ϫ animals displayed an increased g ratio (0.85 Ϯ 0.04; n ϭ 400) compared to Cx30 ϩ/Ϫ /Cx47 ϩ/Ϫ controls of the same age (0.84 Ϯ 0.04; n ϭ 400; Student's t test, p Ͻ 0.001; Fig. 8 (Figs. 9 -11 ).
Severely affected Cx30
Ϫ/Ϫ /Cx47 Ϫ/Ϫ mice show focal tissue degradation associated with astrocyte and microglia activation In addition to myelin vacuolization, Cx30 Ϫ/Ϫ /Cx47 Ϫ/Ϫ mice with obvious motor impairments showed severe focal damage of tissue, in particular at white matter regions (Fig. 10 D, H, L, P) . Staining against the Cx47 reporter protein eGFP revealed a loss of oligodendrocytes in all brain regions, especially to a notably higher extent within lesions and adjacent tissue. The high background-to-signal ratio of eGFP stainings in Cx30 Ϫ/Ϫ / Cx47 Ϫ/Ϫ mice illustrates an increase of Cx47 promoter activity in oligodendrocytes compared to eGFP-expressing oligodendrocytes in Cx30 ϩ/Ϫ /Cx47 Ϫ/Ϫ control mice (Fig. 10C,D, 
insets). MBP staining in Cx30
Ϫ/Ϫ /Cx47 Ϫ/Ϫ mice with obvious motor impairments revealed loss of MBP signals in the periphery and increased MBP staining in the center of focal lesions, which is likely caused by myelin debris (Fig. 10 H) . An increase in GFAP staining revealed astrogliosis in the cortex proximal to myelin fibers and more severely within white matter lesions (Fig. 10 L) . Furthermore, Iba1 expression was remarkably increased in microglia/macrophages in close vicinity to the lesions (Fig. 10 P,  inset) . Within the lesion, Iba1 staining appeared laminary, likely reflecting necrotic tissue degradation (Fig. 10 P) . None of these phenotypic abnormalities, i.e., oligodendrocyte and myelin loss, astrogliosis, or increased Iba1 expression was found in Cx30 (Fig. 10 A-C 
,E-G,I-K,M-O).

Forty-five-day-old Cx30
Ϫ/Ϫ /Cx47 Ϫ/Ϫ mice show myelin malformation in all white matter tracts investigated Analysis of cerebellar tissue revealed a decrease of eGFP-positive cells in the granule cell layer of Cx30 Ϫ/Ϫ /Cx47 Ϫ/Ϫ mice compared to littermate controls (Fig. 11 A-D) .
Staining against MBP showed irregular myelin organization in white matter of dKO mice, with inconsistent increase or decrease of MBP signals among Cx30 Ϫ/Ϫ /Cx47 Ϫ/Ϫ mice investigated compared with Cx30 ϩ/Ϫ /Cx47 ϩ/Ϫ littermates (Fig. 11) . Behavioral analysis of surviving adult Cx30/Cx47 double-deficient mice Male mice (6 -7 months old) that did not show obvious ataxia or seizures were further analyzed regarding behavioral alterations. 
/Cx47
Ϫ/Ϫ compared to Cx30 ϩ/Ϫ /Cx47 ϩ/Ϫ mice in cerebellar white matter, but 14-d-old double-heterozygous mice showed ameboid-shaped microglia with elevated Iba1 expression as well (E, F). These differences were even less conspicuous in the corpus callosum (CC) of 14-d-old mice (Q, R). C, D,O,P,Atlaterstagesofmyelindevelopment,differencesinMBPexpressionbecameobviousincerebellarwhitematter,thecorpuscallosum,andthecingulumof28-d-oldCx30
ϩ/Ϫ mice, with a reduction of MBP fibers pervading the inner granule cell layer (IGL) and cortex (D, P). H, Activated microglia showed a typical increase of Iba1 expression in cerebella of Cx30 
Ϫ/Ϫ and the single knock-out groups revealed significant differences relative to Cx30
ϩ/Ϫ mice (p Ͼ 0.05). These results suggest that rearing activity is only decreased with Cx30 and Cx47 double-deficient mice.
Novelty-induced continuous spontaneous spatial alternation
In the Y maze, the four groups did not differ significantly in terms of total arm entries accumulated over the 5 min test or regarding the total number of triples exerted across the first 20 arm entries made ( Fig. 12C-E Ϫ/Ϫ mice show reduced motor activity in the Y maze but nevertheless intact spatial short-term working memory.
One-trial object recognition
The total time spent exploring the two objects during the test and the sample trials ( p values Ͼ0.05, one-way ANOVA) were not significantly different between groups (Fig. 12 F-H ). There was no significant difference between the four groups in the novel object preference ratios ( p Ͼ 0.05, one-way ANOVA 
Motor coordination learning and long-term motor memory
In the rotarod, the mice of the four groups significantly improved their motor coordination performance across the nine acquisi- tion trials (main effect of trials, F (8, 256) ϭ 25.62, p Ͻ 0.000001, repeated-measures ANOVA; Fig. 12 I) . There was a significant main effect of genotype (F (3,32) Next, we asked whether the groups might differ in terms of motor long-term memory after a retention interval of 7 d. There was a significant main effect of trials (F (2, 64) ϭ 5.46, p ϭ 0.006, repeated-measures ANOVA) and genotype (F (3,32) motor memory deficit, but rather suggests that different baseline positions have generated this effect.
Adult surviving Cx30/Cx47 double-deficient mice exhibit severe vacuolization and thin myelin sheaths in CNS white matter To determine structural abnormalities in myelin tracts of adult Cx30/Cx47 double-deficient mice lacking severe motor impairment and seizures, we examined CNS white matter areas by light and electron microscopy at P80 -P90. Semithin sections of Cx30 Ϫ/Ϫ /Cx47 Ϫ/Ϫ mice revealed extensive pathology of the white matter tracts analyzed characterized by pronounced vacuolization and thin myelin sheaths in both cerebellar white matter and corpus callosum (Fig. 13) .
Ultrastructural analysis revealed that a large number of vacuoles were located at the outer layer of myelin. We also observed axons still myelinated but separated from their remaining myelin sheaths by a remarkably enlarged extracellular space (Fig. 14) . Sporadically, myelin structure abnormalities were found accompanied by loose myelin sheaths, indicating failure in myelin compaction.
Quantification of myelin sheath thickness and axon diameter was used to calculate the g ratio, defined as ratio between axon diameter and outer diameter of the myelinated fiber. In the cerebellar white matter, Cx30/Cx47 double-deficient mice displayed a significantly higher g ratio (0.91, 0.89 -0.93; n ϭ 400) compared with Cx30/Cx47 double-heterozygous mice (0.82, 0.79 -0.85; n ϭ 400; Mann-Whitney U test, p Ͻ 0.001). In the corpus callo- sum, Cx30/Cx47 double-deficient animals also exhibited significantly thinner myelin sheaths compared to doubleheterozygous mice as indicated by the median value of the g ratio (0.86, 0.83-0.89 vs 0.81, 0.78 -0.84, respectively; MannWhitney U test, p Ͻ 0.001). Figure 13 illustrates g ratio values plotted versus axon diameter in CNS white matter areas of Cx30/Cx47 double-deficient mice and double-heterozygous animals. These results indicate that in both CNS white matter areas analyzed, surviving Cx30/Cx47 double-deficient mice have a significantly reduced myelin sheath thickness compared to Cx30/Cx47 double-heterozygous animals. For a summary of results, see Table 4 .
Discussion
This study provides the first direct evidence that deletion of Cx47 and Cx30 results in loss of functional oligodendrocyte to astrocyte gap junctional coupling as well as in myelin pathology in young and adult mice. We have shown that A/O coupling mediated by gap junction channels containing Cx47 and Cx30, respectively, is essential for proper myelin function and maintenance in the CNS.
Several studies have demonstrated previously the importance of glial connexins for myelin function, development, and maintenance. Mutations of the GJC2 gene encoding human Cx47 cause the hypomyelinating leucodystrophy Pelizaeus-Merzbacher-like disease, whereas mutations in the GJB1 gene encoding Cx32 result in the demyelinating neuropathy X-linked Charcot-Marie-Tooth disease, which can be associated with CNS abnormalities (Uhlenberg et al., 2004; Kleopa and Scherer, 2006) .
Previous reports suggested functional redundancy of Cx32 and Cx47 gap junction channels, since double deficiency of both connexins resulted in severe myelin alterations and death, while loss of only one of these connexins led to only mild phenotypic alterations in mice (Menichella et al., 2003; Odermatt et al., 2003) . However, immunogold electron-microscopic and immunofluorescence analyses suggested distinct functional roles for Cx32 and Cx47, since both connexins showed different cellular localizations. Whereas Cx47 was mainly located at cell somata, Cx32 was found within myelin sheaths forming autologous gap junction channels and, in addition, at outer myelin sheaths .
Here we show that loss of Cx47 combined with loss of astrocytic Cx30 cannot be compensated by oligodendrocytic Cx32 and astrocytic Cx43 for maintaining astrocyte-to-oligodendrocyte coupling. Thus, although there may be a partial redundancy of Cx47 and Cx32 function, our data corroborate that both channels accomplish distinct functions as well within panglial networks in vivo.
To determine whether the observed phenotypic abnormalities of double-deficient mice can be attributed to the distinct deletion of Cx30 or Cx47, we used Cx30 not accompanied by the severe vacuole formation observed with Cx30 Ϫ/Ϫ /Cx47 Ϫ/Ϫ mice, and, as described previously, myelin pathology of young mice with loss of Cx47 function was compensated in adult mice . Unexpectedly, a decrease of interoligodendrocytic coupling or number of oligodendrocytes forming networks was not found in dKO littermates, which suggests compensatory effects, possibly caused by the increased Cx32 expression in these mice. Furthermore, the significant increase in the extent of tracer spread observed with Cx30 Ϫ/Ϫ /Cx47 Ϫ/Ϫ compared to Cx30 Ϫ/Ϫ /Cx47 ϩ/Ϫ mice likely results from elevated expression levels of Cx32 combined with the subcellular localization of the protein at oligodendrocyte processes . More importantly, deletion of both Cx30 and Cx47 resulted in loss of oligodendrocyte to astrocyte coupling in white matter tissue of 10-to 15-d-old mice accompanied by vacuole formation, but obvious myelin lesions and death commenced only later in development, i.e., at ϳP42 in double-deficient mice. These data suggest that although necessary for proper myelin development, the formation of panglial networks becomes even more important at later developmental stages with regard to myelin maintenance and function. Accordingly, vacuolation and early mortality started between 5 and 16 weeks of age, respectively, with Cx32/ Cx43 dKO mice (Magnotti et al., 2011b) . Since Cx30/Cx32 and Cx43/Cx47 channels were functional in cell culture experiments, Cx32/Cx43 dKO mice are the counterparts, regarding loss of A/O coupling, to the Cx30/Cx47 dKO mice investigated in this study. In contrast to Cx32/Cx43 dKO mice, vacuole formation was evident 2 weeks after birth with Cx30/Cx47 dKO mice, but only ϳ40% of these animals died between 6 and 13 weeks postnatally, indicating that there must be still some functional differences with the connexins remaining for A/A (i.e., Cx43 or Cx30) and O/O (i.e., Cx47 or Cx32) coupling.
The observation that not all Cx30 Ϫ/Ϫ /Cx47 Ϫ/Ϫ mice died in the critical time period between P42 and P90 suggests that loss of between the four genotypes tested regarding the total time spent exploring the two objects during the sample and test trials, suggesting that noncognitive motivational, motor, or sensory deficits have not significantly interfered with the performance in the task. Nevertheless, one has to consider that the impaired performance of these mice could be due to less obvious motivational, motor, or sensory problems (Crawley, 2008) . For the future it might be interesting to study whether the Cx30 Ϫ/Ϫ /Cx47 Ϫ/Ϫ and Cx30 Ϫ/Ϫ /Cx47 ϩ/Ϫ mice are impaired in the one-trial inhibitory avoidance task. This test is known to be less sensitive to motor impairments and has been used to demonstrate preserved learning and memory functions in a mouse model of Parkinson disease (De Leonibus et al., 2007) .
In contrast to Cx30 Ϫ/Ϫ /Cx47 Ϫ/Ϫ mice, astrocytic Cx30/Cx43 double-KO mice show only mild myelin disturbances (Lutz et al., 2009) . Furthermore, Cx30/Cx43 dKO mice exhibit attenuated astrocytic to oligodendrocytic coupling and are deprived of interastrocytic coupling in the hippocampus (Wallraff et al., 2006; Maglione et al., 2010) . Interestingly, loss of both astrocytic connexins did not lead to loss of A/O coupling in the white matter of Cx30/Cx43 double-deficient mice, possibly due to incomplete GFAP-Cre mediated deletion of Cx43 (Requardt et al., 2009 ). However, GFAP-Cre-mediated deletion of Cx43 in Cx32/Cx43 dKO resulted in myelin vacuolation and early death, but Cx47/Cx43 dKO mice did not show apparent phenotypic abnormalities (Magnotti et al., 2011b) . Thus, loss of A/O coupling in combination with loss of either Cx47-or Cx32-mediated interoligodendrocytic coupling is the cause for severe myelin vacuolation in Cx30/Cx47 dKO as well as in Cx32/Cx43 dKO mice.
Together, our data show that functional astrocyte-tooligodendrocyte coupling can be abrogated by deletion of oligodendrocytic Cx47 and astrocytic Cx30. Furthermore, astrocyte-to-oligodendrocyte coupling is required for proper myelin development, function, and maintenance, and cannot be compensated by oligodendrocytic network formation by Cx32 gap junction channels. Thus, Cx30 and Cx47 doubledeficient mice can help us to gain further insights into the functional differences of glial connexins.
